Abstract-The thin gap chambers (TGCs) are used for the muon trigger system in the end-cap regions of the ATLAS detector. The TGC mass production phase at High Energy Accelerator Research Organization (KEK) started in January 2001. As the anode-cathode distance is small, 1.4 mm, chamber flatness is essential to achieve a uniform gas gain over the chamber. In order to perform a stable production with high quality we developed a chamber closing system. When we glue two half-chambers together, we sandwich them between a granite table and an aluminum honeycomb panel to keep the chamber flat from both sides. By using silk screens, we control the quantity of epoxy adhesive that affects the chamber thickness. Due to these developments, we can achieve the flatness of less than 100 m.
I. INTRODUCTION
T HE thin gap chambers (TGCs) are used for the muon trigger system in the end-cap regions of the ATLAS detector [1] - [3] . The TGC is characterized by fast signal response (99% of the output signals are within 25 ns) for charged particles [4] - [7] . This characteristic suits the muon trigger detector of the Large Hadron Collider (LHC), which is required to identify the bunch crossing at 40 MHz. Each TGC has a trapezoidal shape, whose dimensions depend on its location. A typical size is 1.3 m (longer base) 1.3 m (height). As the anode-cathode distance is small, 1.4 mm (Fig. 1) , chamber flatness is essential to achieve a uniform gas gain over the chamber. The parameters of the TGC structure and the operation conditions are summarized in Table I . The TGC is designed to provide a fast signal response for charged particles. The diameter of the wire is 50 in order to give a wide range and high electric field. The surface of glass-epoxy laminate (FR-4) in the gas volume is coated with graphite, which serves as the cathode plane. Its nominal surface resistivity is 1 . Pickup readout strips made of copper foil run perpendicularly to the wire, to give the orthogonal coordinate, on the surface of FR-4 opposite to the gas volume.
ATLAS TGC chambers are produced in parallel in Japan, Israel, and China. Basic performances of materials used in gas volumes were studied at KEK (Japan) in small prototype chambers [6] . Production procedures of real-size TGCs were developed from March 1998 to the end of 2000. The TGC series production started in January 2001. A production of about 1100 TGCs is to be completed in Japan by the middle of 2004. In order to meet this schedule, the KEK production facility was designed to produce two TGCs per day with about 12 workers and three physicists as supervisors. 
II. PRODUCTION PROCEDURES
In order to avoid the sag of the anode wire there rows wire supports in the gas volume. In addition, there are zigzag row of small buttons between the supports to keep the anode-cathode gap constant. A TGC with one gas gap is called "singlet" and two or three singlets glued together with honeycomb-panel in-between are called "doublet" or "triplet," respectively [1] . The TGC production procedures can be roughly divided into nine stages: checking the quality of the materials; graphite spray; FR-4 frame gluing; wire winding; singlet TGC closing; sealing around the singlet; doublets or triplets modules production; mounting readout boards; and assembling -gas channels around the module. All the procedures except the graphite spraying are performed in parallel. In order to reach the desired high quality, the TGC production line is required to keep a precise anode wires spacing (1.8 mm) for a uniform time response, flatness of both anode and cathode planes to obtain a uniform gas gain and cleanness of the detection gas volume to avoid discharges. The main part of the TGC is made of commercially available FR-4 boards.
A. Wire Winding
Since more than 700 000 wires are to be soldered in the whole production at KEK, precise and reliable wire winding and soldering technique had to be established. The 50 anode wires are strung by using an automatic winding machine, which can control the wire pitch with precision of 1 micron and the wire tension within 3% error of designed value, 350 gw. The automatic winding machine consists of a linear actuator and a rotating table. Two cathode frames are held on both sides of the table by small fixing pieces around the frame and twelve suction pads at the central part. The linear actuator moves half wire pitch every half turn of the rotating table. The high accuracy in the position of the linear actuator is achieved by a feed back control of the servomotor with a linear encoder.
To solder the anode wire we use tin-zinc (80/20) solder. It can hold the wire against higher tension than normally used tin-lead based solder. Since residual of the solder flux causes the ion-migration and weaken the strength by corrosion, we choose a water-soluble flux. We can clean the soldered region with dematerialized water applying supersonic wave before washing the cathode planes.
B. Washing Frames
During the wire soldering, sometimes nebulized flux drops adhere on the cathode plane. Its remaining ion contaminant of the flux might cause discharge in the operation. In order to clean the surface of the cathode plane, we use an automatic washing machine before closing the singlets. The machine showers dematerialized water mist on the whole cathode frame. After the shower, a nozzle mounted on a linear actuator scans the frames and sprays compressed air in order to dry them.
C. Closing Singlet TGC
After the wire winding stage, the wire tension causes the frame to arch with a few centimeter gaps between the wires to the cathode plane. We adopted a combination of vacuum-press and a suction plate technique for gluing to make a singlet TGC as it can apply uniform force on both sides of the TGC.
As shown in Fig. 2 , the frame with wires places on the granite table and another frame without wires is held under an aluminum honeycomb plate (AL-plate). On the surface of the granite table, a polypropylene sheet (PP sheet) with 30 meshes per inch is attached. A 0.5-mm-thick silicon rubber strip, which its surface is treated with isopropyl alcohol to make the surface sticky, is attached with double-coated tape around the PP sheet for sealing. There are four suction holes for sucking the frame with wire onto it. Since the thicknesses of the PP sheet and silicon rubber are the same and the homogeneous suction force is applied, the frame can be kept flat. Similarly, the frame without wires is sucked onto the AL-plate. To suck the frames, regulated negative pressure ( 40 kPa) is applied between the granite table and the frame with wires, as well as between the AL-plate and the frame without wires.
The two frames with the AL-plate are covered with a silicon rubber sheet. Inside the volume surrounded by the granite table and the rubber sheet is then decompressed ( 10 kPa Gauge: Pressure1) to press the two frames uniformly. Since the seal of the 0.5-mm-thick silicon rubber strip is not perfect, Pressure1 would become lower and lower and eventually reach the same level as Pressure2 ( 40 kPa). In order to avoid such an over pressure on the frames, Pressure1 is maintained by supplying clean air controlled with a pressure sensor and gas ballast.
As for the technique of applying adhesives, a screen-printing method is adopted. We use a polyarylate mesh screen (145 meshes per inch) to apply the epoxy to the wire-supports and frames. The thickness and the width of the adhesive can be uniformly adjusted. The screen is tough enough for multi-use and the residual resin can be easily removed by water. The resulting surface distortions of the singlet TGCs are shown in Fig. 3 . Almost all the singles reach a flatness of less than 100 .
D. Making Modules
A similar pneumatic control system is developed for assembling the doublet (or triplet). Fig. 4 schematically shows the doublet assembly procedure. Two singlet TGCs are kept flat by being sucked ( 40 kPa: Pressure2) to either a granite table (bottom) or an AL-plate (top). A 20-mm-thick paper honeycomb and module support frames are sandwiched by these two singlet TGCs and glued together at one time. To apply a uniform force onto the TGCs, all the subunits of the doublet are covered with a silicon rubber sheet inside of which is decompressed to 10 kPa (Pressure1) with a pressure regulator. The gas volumes of the singlet TGCs are slightly over-pressured (150 Pa) with clean air from the TGC gas inlets as counter force against the force on the rubber sheet.
III. QUALITY ASSURANCE
Since the TGCs are assembled with adhesive, once the adhesive is cured it is not possible to return to a pervious stage without damaging the chamber. Therefore, it is important to check the quality at each assembly stage before moving to the next one. We have adopted the following quality checks: a measurement of the resistivity of the graphite surface, high voltage tests (HV tests), a pulse test to check the connection of signal routing, and a signal response test with a radioactive source.
A. Cathode Surface Resistivity Control
The surface resistivity of the graphite sprayed should be approximately 1 in order to reduce cross talk between strip channels while still avoiding voltage drop [1] . To realize the uniform surface resistivity, we use an automatic sprayer composed of a two-dimensional linear actuator and a spray gun with pneumatic control. The sprayer can uniformly paint the whole cathode plane with a thickness of about 10
. The surface resistivity is measured at about 66 sampling points on a plane. If they are smaller than 0.5 , then the plane is cleaned up and is sprayed again. If it exceeds 1.5
, the area is polished with soft paper until it reaches 1.5 .
B. High Voltage Tests
We apply high voltage at three stages and check leak current in the course of the whole assembly: before closing the singlet TGC, after the closure, and the assembly of adaptor boards which bring signals from wires or strips to the ASDs. The purpose of the HV test is to verify that there is no serious problem up to this stage: no broken or slack wires, and no fine dusts or chemicals inside the gas volume which would cause problems later on. The acceptance criterion of all these tests is that the chamber current should be less than 100 nA at the applied voltage of 2.8 kV with gas. Before closing singlet the HV test is a particularly important feature in the production. The setup is the same as closing singlet (Fig. 2) except for feeding gas into the silicon rubber. If we find steady high leak current or some discharges, we reopen the frames and wash the inside of the frames. Then we do the HV test again. We repeat this procedure until the leak current satisfies the criterion. Since the pressure in the gas volume is 10 kPa, the HV of 2.8 kV corresponds to 3.1 kV at the standard atmospheric pressure. Fig. 5 shows a distribution of the leak current measured at the first cycle of the tests. From this distribution, one can see majority of the singlet TGCs pass this test at its first attempt.
C. Pulse Test
After the doublet or triplet assembly, we attach the so called adaptor boards which bring signals from the wires or strips to the ASDs. After the attachment, we check the correctness of the connections and verify there is no shortage between the adjacent signal lines or to the ground. A pulse test is adopted for this purpose. A rectangle pulse is applied to the TGC HV supply line. The output pulse through the RC-CR circuit from each channel is recorded with a digital oscilloscope. Fig. 6 shows a schematic diagram of the electrical circuit of TGC [8] . If a channel is shorted to the adjacent one, its output pulse becomes Fig. 6 . The schematic view of the electrical circuit inside the TGC. R is the input resistor, R the surface resistivity of the graphite paint, C the capacitance of adjoining pickup strips, C the capacitance between the anode wire and the cathode plane, C the capacitance between the cathode plane and the pickup strip and C the coupling capacitor for the anode wire readout. Fig. 7 . The relative pulse height distribution for anode wire and pickup strip readout on the pulse test. approximately twice larger than the nominal; if its signal path is broken or is shorted to the ground, no output pulse is observed. The results are shown in Fig. 7 . The maximum fluctuations of the pulse height are about 6% for the wire and 12% for the strip. They are both much less than two. Using the SPICE program [1] we simulated the pulse height dependence on the cathode surface resistivity and the anode-cathode distance. The results are given in Table II . It shows a strip deviation could be on the order of 10% due to the deviation in the surface resistivity. In addition, the quoted errors of the coupling capacitor for the wire and the decoupling resistor at the HV input are 10% and 5%, respectively. These errors could cause pulse height fluctuations of up to 3% for the resistor or 6% for the capacitor. The distributions of the signal output pulse height are therefore consistent with these errors and the surface resistivity criterion. 
D. -Ray Test
After the pulse test, we check the basic functionality of the TGCs with using a -ray radioactive source. The chambers are operated with at 2.8 kV. We investigate the signal output rate searching for noisy channels. We also check for oscillations caused by grounding problems.
IV. DETECTOR PERFORMANCE
The last quality assurance stage is a measurement of the detection efficiency uniformity of all the produced TGC in a dedicated test bench at Kobe University. We set the operating point of the TGC just above the shoulder of the HV curve to emphasize the nonuniformity, if it exists, while keeping high detection efficiency for the normal TGCs. The Kobe cosmic ray test bench can test 24 singlets at a time. Up to now 100 triplets (or equivalently TGC 300 singlets) have been tested.
Position dependence of the efficiency was measured with a granularity of 5 mm 5 mm. It takes about two weeks for data-taking to get one full map. Fig. 8 shows two examples of the detection efficiency maps. Fig. 8(a) is a typical example. Excluding the wire-supports and spacers, the average efficiency is achieved to be better than 99%. Fig. 8(b) is a bad example of a chamber with some inefficient regions. There are six chambers showing similar nonuniformity in total. These chambers were produced in relatively early period of the series production. The reason could be a gluing-off or applying thicker glue during the triplet assembly. This could be a result of failure in the viscosity control of the epoxy adhesive.
We summarize the mean detection efficiencies in Fig. 9 . There are 8 TGCs having less than 98% detection efficiency. Excluding the above-mentioned 6 TGCs with the epoxy problem, there are only two additional TGCs which show a poor quality than the average. There is a correlation between the nonuniformity or lower efficiency and the flatness of the triplet, but little correlation with the flatness of the singlet. This indicates that the flatness of singlet might have been damaged during the doublet (or triplet) assembly. We continue to study the problems and trying to reduce the number of poor performance TGCs. All the other produced TGCs demonstrated a good uniformity with high detection efficiency.
